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SUMMARY 

An investigation of the  thrust loading by wake surveys in the  slip- 
stream  of a full-scale  supersonic-type  three-blade  propeller has been 
conducted  in  the  Langley  16-foot  transonic  tunnel. The prapeller  inves- 
tigated wa6 the (=urtiss-Wright  (design no. 109622) solid-steel  three- 
blade  propeller  with  syllKnetrical NACA 16-series a i r f o i l  sections which 
had a thickness  distribution  from 6 percent  at  the  spinner  to 2 percent 
at the propeller  tip. The blade-angle  measured  at the 0.75 radial 
station was fram 45.4O to 60.2~ over a Mach  number  range  from 0.60 
to 0.96. 

The  results of the investigation  indicate that the Fntegrated  thrust- 
coefficient  values  are in good  agreement  with  the  force  data.  Operation 
at  Mach  numbers  up  to 0.89 at a blade  angle of %.go measured  at the 
0.75 radial  station  and &z1 advance  ratio  of 2.75 produced no severe  com- 
pressibility losses in thrust  loading, and the  thrust  coefficient 
decreased  very  slightly  above a forward Mach  number of 0.85. The  losses 
in section  thrust  coefficient  were  more  severe  for  the higher blade 
angles  and  advance  ratios. The trend  of  the  data  indicates  that the 
advance  ratio and blade  angle  would  have  to  decrease  touard the desi- 
condition  (advance  ratio of 2.2 asd about 45O blade  angle)  in  order  to 
obtain  optimum  efficiency. 

INTRODUCTION 

Propellers now fn general  use are constructed  with  moderately  thick 
blade  sections and are h o r n  to  experience  thrust  and  efficiency  losses 
at high forward  speeds. The investiga$ions of references 1 and 2 have 
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indicated that higher  efficiencies can be attained up t o  a Mach  nuniber 
of 0.925 by reducing  blade-section  thickness r a t i o s  t o  5 and 3 percent. 
The propeller used in  this investigation was designed t o  reduce the 
thrust and efficiency  losses experienced by propellers  with  thicker 
blade  sections and t o  provide efficient  operation  at  supersonic  blade- 
section speeds. 

Wake surveys of the propeller  slipstream have been used t o  give a 
clear  picture of the blade-element loading in conjunctian w i t h  force 
measurements and t o  provide thrust data in the absence of a force- 
measuring system. Extensive surveys have been made in reference 3 t o  
determine the section  lift-coefficient  distribution of five  full-scale 
propellers which have moderate to   thick blade  sections. Reference 4 
presents the thrust loadings of model propellers  obtained by wake surveys 
a t  Mach numbers  up t o  0 .%5.. 

The purpose of this paper is t o  present  the thrust loadings frm 
wake-survey  measurements of a full-scale  supersonic  propeller a t  Mach nun- 
bers up to-0.96. These wake surveys of the  propeller  slipstream were 
made concurrently wlth the  force measurements of reference 5. Thrust 
loadings are  presented f o r  the blade angle and Mach number range of the 
investigation asd a comparison of the integrated thrust coefficients with 
force data is presented. The investigation covered a ble.de-angle range 
(measmd a t   the  0.75 radial station) from 45.4O t o  60.2~ in  about 
5' increments and a forward Mach  nlrmber variation from 0.60 t o  0.8. 

SYMBOLS 

B number of blades 

b  blade chord, f t  

CT thrust coefficient, T/pn?D4 

% 

C t  sect ion  I l f t   coeff ic ient ,  ~ 

1.0 
thrust coefficient  obtained frm survey,  

[Apt I J 

. . 
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C t  section  thrust  coefficient, - 1 J2xx l 4 t j  

X T  incremental  thrust  coefficient,  difference between the inatan- 
taneous thrust  coefficient of a t i l ted  propel ler  and the 
thrust coefficient of an untilted propeller 

D propeller d i e t e r ,  f t  

h blade  section  thickness, f t  

J advance ratio, V / ~ D  

* M  tunnel  airstream Mach nmber 

Mx helical  section Mach  n-r, 

Mt t i p  Mach number, 
M p  + ($ 

N propeller  rotational speed, r p m  

n propeller  rotational speed, r p s  

P power, ft-lb/seC 

[A%] time average of stagnation-pressure r i s e  through the  propeller 

R propeller t i p  radius, f t  - 

r radius t o  a blade  element, f t  

T thrust, lb 

t time  sec 

v tunnel airstream  velocity,  ft/sec 

X fractional  radius t o  a propeller blade section, r / R  
h 

7 3  blade-angle  setting at 0.75 radial  station, deg 

- - 
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P m s s  density of air, slugs/cu f t  

pt stagnation  density,  slugs/cu f t  
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w angular velocity of propeller, deg/sec 

APPARATUS AMD METLEODS 

16-Foot- Transonic Tunnel 

TBis investigation was made i n  the Langley 16-foot  transonic  tunnel. 
A calibration of the s lot ted  tes t   sect ion with the 6,000-horsepower pro- 
pel ler  dynammeter installed is presented in  reference 5.  The Mach num- 
ber range of the  tunnel  airstream with the dynamometer installed i e  fram , 
0.20 t o  0.96 and the.&ch-numbers  quoted herein  are  accurate  to fi.01. 
Figure 1 is  a dawnstream v i e w  of the test sectlon of the 16-foot tran- 
sonic  tunnel, showing the 6,000-horsepower propeller dynamometer and the 
Curtiss-Wright  supersonic propeller  (design no. 109622). 

6,000-Horsepower Propeller Dynamcaneter 

Two 3,000-horsepower induction motors are mounted in tandem on ver- 
t i c a l  support struts of circular-arc  cross  section. These two units me 
coupled together t o  provide a maximum of 8, OOO horsepower fo r  5 minutes 
(overload) o r  6,000 horsepower continuously  (rated load). A detailed 
description of the .6,000-horsepower propeller dynamometer is given i n  refer- 
ence 6. Spinner stresses limited the dyrmmmeter rotational speed t o  a 

2,250 r p m  during this investigation. The rotational speed of the dyna- 
mometer can be set t o  t1/4 rpm. 

. 

I ? .  

Figure 2 is  a sketch showing the dynamometer installed in the 16-fw-t 
transonic  tunnel. A cyl indr icd   fa i r ing  having the same diameter as the 
dynamometer and spinner extended from the minimum section of the tunnel 
throat   to   the forward spinner face. This body was installed  to  obtain 
approximately  uniform axial and radial velocity in the plane of the 
propeller. 

Propeller 

 he ~ u r t i s e - ~ r i g h t  'supersonic  propeller (design no. 10%~) is 
9.75 feet i n  diameter in the three-blade conf'lguration. The propeller 
blades are so l id  steel and the airfoi l   sect ions are NACA 16-series sym- 
metrical  sections of 14-inch chord with a thickness  distribution from 
6 percent at the spinner t o  2 percent at the propeller t i p .  'BE - 



blade-form  curves are shown in   f igure 3. The propeller was designed f o r  
a Mach nuaiber of 0.93, a 35,000-foot altitude, and-2,600 rpm; these con- 
ditions result in an advance ratio of 2.2 and a design blade angle of 
approximately 45O at the 0.75 radial station. 

Wake-Survey R a k e s  

Figure 2 shows the wake-survey rakes installed in the  tunnel test 
section. The s t ru t  of the survey rake is  made  up of 8-percent-thick 
circular-arc a i r f o i l  sections with a constant 2-foot chord, and the 
probes  extend 1 chord length ahead of the  leading edge. The total-head 
probes and the  orifices  in the static-pressure probes were located 
17 inches  rearward of the center line of the propeller. 

The major par t  of this  fnvestfgation was completed with the survey 
rakes in position 2 as  shown in figure 2(b).  They  were or iginal ly  placed 
in position 1 but, as is explained  subsequently, their angular position 
had to be  changed t o  reduce the once-per-revolution, o r  1-P, vibratory 
stresses. 

IIEESTS AND REDUCTION OF DATA 

Test Conditions 

For most of this investigation, the tunnel Mach  number was held con- 
stant, & the ro ta t iona l  speed of the dpamcmeter waa varied to cover 
an advance-ratio range from a lightly loaded t o  a heavily loaded  condi- 
t i on  of the  propeller. A e m a l l  part of the investigation was run at a 
constant ro ta t iona l  speed of 1,600 r p m  and the tunnel Mach n h e r  was 
varied  to produce the  desired J range; however, the Mach  number of the 
runs at constant ro ta t iona l  speed was, in general, l e s s  than 0.60 
and the data are  not  presented in this paper because they are believed 
to be of minor interest. -The tunnel Mach  number range was f r o m  0.60 
to 0.96 f o r  blade angles from 45.40 to 60.20 set at the 0.n radial station. 

Tunnel-Flow Angularity 

The presence of the dynamometer support strut and the wake survey 
rakes i n  the lower half of the tunnel test section  created a blockage 
which caused some effective flow angularity and resulted  in  excessive 
1-P stresses  (as  indicated by unpublished vibratory stress data). It was 
found that the  vibratory bending stresses of the propeller could be reduced 
about 0 n e - W  by moving the survey  rakes from position 1 t o  position 2 as 
sham in   f igure 2(b). 
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Thrust Coefficient 

The expression f o r  the  section  thrust  coefficient, 

has been derived in  reference 7. The effects  of drag, induced asgle, 
and any rotat ional  flow caused by strong shocks at supersonic &ch num- 
bers have been neglected i n  this derivation. The variation of c t  w i t h  
advance r a t i o  was determined fo r  each tube of the survey rake. The 
va lues  of c t  were read at a  particular J value and plotted  against 
blade  radius, and comparisons of these  blade loadings were made f o r  vari- 
O w  Mach numbers. A typical data plot of the  section  thrust-coefficient 
distribution is shown i n  figure 4. The thrust grading curves were inte- 
grated t o  find C, at each t e s t  point.. In all cases, whether the BUT- 
vey rakes are in  position 1 or  2, the  integrated thrust coefficients and 
the blade loadings are the average of the data from both survey rakes 
even though, i n  general,  the integrated data .from rake B in  position 2 
would be in better agreement w i t h  force  data. 

W 

Lift Coefficient 

The expression f o r  cz from reference 7 is 

As before,  the to ta l -head  tube measures {Apt\ directly and the res t  of 
the equation comes from easily measured quantities. 

. 
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RESULTS AND DISCUSSION 

7 

Effect of Tunnel-Flow Angularity on a Comparison of Integrated 

Thrust  Coefficients With Force Data 

The presence of an effective  tunnel-flow  angularity was  indicated 
by excessive  blade  vibratory-bending stresses with the survey rakes in  
position 1. Unpublished s t ress  data Show that these 1-P stresses were 
reduced  approximately  one-half when the SurVey rakes were moved t o  posi- 
tion 2. Reference 8 indicates that unless the survey  rakes are diamet- 
r ical ly  opposed, large errors can be  introduced when using wake surveys 
obtained where tunnel-flow  angularity d s t s .  An attempt is made t o  
explain the effect of f l o w  anguLarity by applying the theory of pitched 
propellers t o  the data  presented herein. 

Figure 5 shows a theoretical  variation of & xith Wt, w h e r e  c& 
is taken as zero when the blade is vertically upward and the propeller 
thrust axis i s  a t  a positive angle of attack (see ref. 9). The solid 
curve in  figure 5 shows a variation of 4 which was calculated by 
assuming a thrust-axis  angle of inclination.of 0 . 8 ~  or &11 effective f l o w  
angularity of 0.8O. By taking the difference between the integrated 
thrust coefficients  for  the individual survey rakes and the thrust  coeffi- 
cient  obtained from force data, a value of incremental thrust coefficient 
can be found for   the individual survey rakes A and B. The diamond sym- 
bols in   f igure 5 show these  incremental thrust coefficients when the sur- 
vey rakes are  in  posit ion 1, separated by l35O. (Data f o r  M = 0.60, 
J = 3.8, and poem = 60.-2O are typical of the &zL&lyse6 made f o r  all 

the data.) These points  are in good agreement with the theoretical curve, 
and it is indicated that an average of the data from the two survey rakes 
should be nearly equal t o  force data. This is the W c t e d  result f r a n  
two survey  rakes almost diametrically opposed %hen the dawngoing blade fs 
experiencing an increased  angle of attack and the o t h e r  blades are at a 
decreased angle of attack. Data were not obtained above a Mach number 
of 0.60 with the survey rakes in position  lbecause of excessive lXP 
bending stresses. 

As explained  previously,  the  effective f low angularity was reduced 
about  one-half when the survey rakes were moved t o  position 2. For this 
reason the dashed curve in figure 5 was calculated by assuming a flow 
angularity of 0.4O. The incremental  thrust  coefficients  obtained from 
survey rakes A and B in position 2 are plotted  in  f igure 5 f o r  the assumed 
location of cot = Oo, and both  values are higher than  force data. A sat- 
isfactory  explanation  for this discrepancy has not been found; however, 

created a s m a l l  local blockage, then  the  propeller blade would experience 
if it i6 assumed thEtt the prordmity O f  the survey ra;keS in position 2 



a small local inexease in  angle of attack and the thrust coefficients 
measured by the survey rakes would. be high. Another possible explana- 
t ion would be a change in the  direction of the  effective flow angle when 
the survey rakes were-  moved from position 1 t o  position 2. 

Figure 6 shows the thrust loadings f o r  rakes A and B Fn both  posi- 
tions and indicates the variation of "uat around the  propeller disk 
which produced the results shown by the data  points  in  figure 5. Fig- 
ure 6 indicates that in  position 1. the thrust loading from rake A is 
lower that that from rake By while in position 2 the opposite result is 
obtained. 

Figure 7 shows the comparison of the  integrated thrust  coefficients 
with  the  force data from reference 5 f o r  blade  angles of 50.80, 54.70, 
and 6 0 . 2 ~  LXP t o  a Mach  number of 0.93. The theoretical curve (solid 
line) in figure 5 indicates that the average of the  data from the two 
survey rakes in position 1 would be in good agreement with  the  thrust 
coefficients from force  data, and figure 7(a) shows that C is i n  

excellent agreement w3th the  force  data for p 
TW 

0 . 7 3  = 50.8~ asd 60.2~. 

When the survey  rakes are in  position 2, figure 7 indicates that, 
i n  general, the integrated  thrust  coefficients  are  increased by 0 t o  
13 percent over the  force  data. 

Thrust Loading at Constant Advance Ratios 

The variation of thrust  loading w i t h  Mach  number a t  constant advance 
ratios for blade  angles of 45.4', 50.8O, 54.70, and 60.2' is shown in fig- . 
ure 8. Figure 9 shows thevariat ion of. the integrated  thrust  coef#icient 
with Mach  nurriber f o r  blade- angles of %.8O, 54. 'ip, and 60.2O and a ccanpari- 
son wlth force data. The advance ratios chosen are near the value f o r  
max- efficiency  at  a Mach  number of 0.70. 

Advance rat io  of 2.24.- When the  blade  angle is se t  at 45.b0, the 
advance-ratio range is limited by the maximum propeller  rotational speed 
a t  Mach numbers  above 0.70. Figure 8(a)  indicates that the thrust loading 
increases when the Mach number is increased from 0.60 t o  0.70, with  the 
m a x i m ~ m  vdue of section thrust coefficient occurring  near x = 0.82. 

Advance r a t i o  of 2.75.- Figure 8(b) shows that the thrust loading 
increases at a l l  blade stations up t o  a Mach  number of 0.80 at J = 2.75. 
The values of section  thrust  coefficient continue to  increase over the 
outboard stations (x > 0.70) when the h c h  number is  increased to 0.84 
and 0.89, but some reduction  occurs  near x = 0.60 where the  local sec- 
tion Mach nuniber is  approximately 1.0. The integrated thrust coefficient 

.. 
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increases with Mach  number up t o  0.85 and there is a s l ight  decrease  as 
the Mach nmber is increased t o  0.89 as shown in figure 9. It should 
be noted that the combination of a Mach  number of 0.89 and maximum pro- 
peller  rotational speed produces  supersonic  section  speeds  outboard of 
x = 0.45 with a t i p  Mach number of 1.35, but no severe  compressibility 
losses  are noted a t  any section and the  thrust  coefficient has decreased 
very slightly above a  forward Mach rimer of 0.85. 

Advance ra t io  of 3.10.- The thrust loadings f o r  Mach nunibers  up t o  
0.96 a t  J = 3.10 and a blde-angle of 9.70 are shown in figure  8(c). 
The section thrust coefficients  increase smoothly t o  a Mach number 
of 0.80 and the  integrated  thrust  coefficient  reaches a maximum a t  a 
Mach  number of 0.83 (fig. 9 ) .  When the Bhch number is increased t o  0.96, 
the  thrust-coefficient  decrease can be directly  attributed t o  the losses 
i n  section thrust coefficient, with the  greater  percentage losses occur- 
ring inboard of x = 0.80. A t  Mach numbers up t o  0.89 the  section  veloc- 
i t i es   a re  lower f o r  the 54.70 blade  angle asd J = 3.10 than f o r  the 
W.8O blade  angle and J = 2.75:  however, the angle-of -attack  distribu- 
t ion along the  blade is less favorable at the  higher advance ra t io ,  and 
losses are shown over the inboard sectiom where the angle of attack is 
increased. 

Advance ra t io  of 3.90.- The effects of Mach  number on the  section 
thrust coefficients at a 60.20 blade angle are similar t o  those f o r  a 
54.70 blade  angle up t o  a Mach  number of 0.80, but  the losses are more 
severe when the h c h  number is increased t o  0.96. Figure 9 indicates 
that C, reached a maximum at a k c h  number of 0.82 for   the 60.20 blade- 

d e  setting. In general,  the losses in section thrust coefficient are 
shown t o  be more severe f o r  the higher blade angles and advance ratios. 

W 

Thrust Loading a t  Advance Ratios for Maximum Efficiency 

The variation of section  thrust-coefficient  distribution with Mach 
number f o r  blade  angles of 50.8O, 54.70, and 60.2~ is shown in figure 10 
at advance rat ios  for maxiwrm efficiency  obtained from reference 5. The 
thrust  loading  at a 50.8O blsde angle for Mach numbers fmm 0.60 t o  0.80 
is shown in figure  lO(a). The thrust loading Increases with an increase 
i n  Mach  number from 0.60 t o  0.70, and the peak remains approximately the 
same when the Mach  number is fncreased t o  0.80 but i s  shifted slightly 
inboard. 

Figure l O ( b )  shows the section  thrust-coeff  icient  distribution f o r  
Mach  numbers f r m  0.60 t o  0.89 a t  advance ratios f o r  maximum efficiency 
and = 54.70. There is 89 increase In thrust loading as  the Mach 

number is  increased from 0.60 t o  0.80 and the loading r e  almost con- 
stant when the Mach number is Increased t o  0.89. The advance r a t i o  was 

I 

- 



not  decreased  sufficiently  to  obtain maximum efficiency at Mach  numbers 
of 0.93 and 0.96. . 

. .7 -, . . . .  

Thrust loadings at Bo 75R = 60.2~ for  the  Uach nllmiber  range and 
advance  ratios  for max~mum efficiency are shown in figure ~o(c).  he 
trend of the  data  indicates  that  the  advance  ratio and blade angle would 
have to  decrease toward the  design  condition  (advance  ratio of 2.2 and 
about 45O blade  angle)  in  order  to  obtain  optimum  efficiency. 

Lift-Coefficient  Distribution 

The lift-coefficient  distribution  over  the  blade  radius a t  

Bo 7% = 54.70 for a Mach  number  range from 0.60 to 0.96 at J = 3.10 
is  shown in figure l l (a ) .  Section  lift  coefficients along the  blade 
radius are shown in figure  U(b)  at  advance  ratios  for maxFmum efficiency 
and Mach  numbers  from 0.60 to 0.89. There is a general  increase in sec- 
tion  lift-coefficient values wben  the  Mach  number  is  increased from 0.60 
to 0.80, and the  location of the maximum value remains near x = 0.70 
for  both  the loadings at  constent  advance  ratio  and the loadings  at  the 
advance  ratios f o r  maximum efficiency. The effects of ccanpressibility 
are  sham in figure =(a) by  the  decrease  in  section  lift  coefficient 
above a Mach  number of 0.80, the  greatest  percentage  decrease  generally 
occurring  inboard of x = 0.75. These small effects  are  noted i n  the 
regions  where  the  local  speeds  are  near a Mach  number  of 1.0 when the 
forward Mach  number  is 0.89 and  above. 

An investigation has been made to  determine  the  thrust  and t-t 
loading  by wake surveys of  the  total  pressure  in  the  slipstream of a 
supersonic-type  three-blade  prupeller. The Mach  number  range was from 
0.60 to 0.96 for  blade-angle  settings from 45.40 to 60.2~ at  the 
0.75 radial  station. ' 

The results of the  investigation  indicate  that  the  integrated  thrust- 
coefficient  values-are  in  good  agreement  with  the  force  data.  Operation 
at  Mach  numbers  up  to 0.89 at R blade  angle  of 50.8O and an advance  ratio 
of 2.75 produced no severe  compressibility  losses in thrust  loading,  and 
the  thrust  coefficient  decreased very slightly  above a forward Mach num- 
ber of 0.85. The losses in section  thrust  coefficient  were  more  severe 
for the  higher  blade  angles  and  advance  ratios.  The  trend of the  data 
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indicates  that the advance ratio and blade angle would have to decrease 
toward the design condition (aavance  ratio  of 2.2 and about 45O blade 
angle) in order to obtain optimum  efficiency. 

Langley Aeronautical Laboratory, - 

National Advisory Connnfttee for Aeronautics, 
Langley Field,  Va. , August 20 , 1953. 
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L-75572 
Figure 1.- Downstream view of the 6,000-horsepower dynamometer and survey- 

rake assernbly in the  test   section of  the 16-foot transonic tunnel. 
~- 
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. (a)' Cross section:. : 
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. .  . (b) D o w n s t r e a m  view. 
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Developed plan form 

\ Spinner 

Figure 3.- Blade-form characteristics of  the Curtiss-Wright supersonic 
propeller (design no. 109622). 



Fraction of blade radius, x 

Figure 4.- A typical data plot of the  section thrust coefficient. 
M = 0.60; p = 50.80; 3 = 2.552. 0 . 7 3  ” 
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Calculated for 0.8" flow angle 0 Data with survey  rakes in position I _""" Calculated for 0.4'flow angle 0 Data  with  survey rakes in position 2 

Figure 5.- Variation of incremental thrust coefficient with angular blaae 
position. Data points are the differences between Fntepaked thrust 
coefficients for the  Fndividual survey rake6 and the force data at 
M = 0.60, J E 3.8, p o.75R = 60.9. 
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(a) M = 0.60. 

Figure 7.- Comparison of the variation of the integrated  thruet  coeffi- 
cient and the force-test  thrust  coefficient  with  advance r a t io  J. 
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Advenea mlla,  J 

(b) M E 0.70. 

P&ure 7.- Conthued. 
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Advance ratlo, J 

( C )  M = 0.80. 

Figure 7 .’- Continued. 
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Advance ratlo, J G 
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2 (a) M = 0.89. 
ul F 
w Figure 7.- Continued. 3 
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Advance ratio, J 

( e )  M = 0.93. 

~igure 7.- Concluded. 
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Fraction of blade radius, x 

(a) p0.79 = 45.4’; J = 2.24. 

Figure 8.- The thrust-loading  variation  with Mach nuniber- for  constant 
tdvance ratio. - 
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Fraction o f  blade radius, x 

(b) p 0 . m  = 50.8O; J = 2.75. 

Figure 8.- Continued. - 
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P O . D R  = 54.70; J = 3.10. 

Figure 8. - Continued. 
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Figure 8. - Concluded. 

= 60.2O; J = 3.90. - 



- NACA  RM ~53109 

Mach n u m b e r ,  M 

Figure 9.- Variation of thrust coefficient and tip Mach number with f'ree- 
stream Mach number for several blade angles and advance ratios. 
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Fraction of blade radius, x 
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Figure 10.- Thrust-loading variation w i t h  lkch rider at  advance ratios 
for maximum efficiency. 



Figure Lo.- Continued. 
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Figure Lo.- Concluded. 



NACA RM L53I09 

Fraction of  blade  radius, x 

Figure U.- The lift-coefficient distribution at f3 = 54.70 for 
0 - 7 9  

several Mach numbers. Ticks indicate  section Mach numbers of 1.00. 



5K 
W A  RM L53I09 - 33 

Fraction of blade radius ,  x 

(b) Advance ratios for maximum efficiency. 

Figure ll. - Concluded. 
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